WE. Systemic influences contribute to prolonged microvascular rarefaction after brain irradiation: a role for endothelial progenitor cells. Am J Physiol Heart Circ Physiol 307: H858 -H868, 2014. First published July 18, 2014; doi:10.1152/ajpheart.00308.2014.-Whole brain radiation therapy (WBRT) induces profound cerebral microvascular rarefaction throughout the hippocampus. Despite the vascular loss and localized cerebral hypoxia, angiogenesis fails to occur, which subsequently induces long-term deficits in learning and memory. The mechanisms underlying the absence of vessel recovery after WBRT are unknown. We tested the hypotheses that vascular recovery fails to occur under control conditions as a result of loss of angiogenic drive in the circulation, chronic tissue inflammation, and/or impaired endothelial cell production/recruitment. We also tested whether systemic hypoxia, which is known to promote vascular recovery, reverses these chronic changes in inflammation and endothelial cell production/ recruitment. Ten-week-old C57BL/6 mice were subjected to a clinical series of fractionated WBRT: 4.5-Gy fractions 2 times/wk for 4 wk. Plasma from radiated mice increased in vitro endothelial cell proliferation and adhesion compared with plasma from control mice, indicating that WBRT did not suppress the proangiogenic drive. Analysis of cytokine levels within the hippocampus revealed that IL-10 and IL-12(p40) were significantly increased 1 mo after WBRT; however, systemic hypoxia did not reduce these inflammatory markers. Enumeration of endothelial progenitor cells (EPCs) in the bone marrow and circulation indicated that WBRT reduced EPC production, which was restored with systemic hypoxia. Furthermore, using a bone marrow transplantation model, we determined that bone marrow-derived endothelial-like cells home to the hippocampus after systemic hypoxia. Thus, the loss of production and homing of EPCs have an important role in the prolonged vascular rarefaction after WBRT.
WHOLE BRAIN RADIATION THERAPY (WBRT) remains the most common form of treatment for metastatic brain tumors (23) . Despite the success of this regimen in reducing tumor growth and increasing cancer survival, studies in human and animal models have demonstrated that WBRT induces significant cognitive deficits after treatment (2, 46, 56, 57) . Previously, we have shown that a clinical series of fractionated WBRT induces significant capillary rarefaction in the hippocampus of mice (55) . The initial insult to the vasculature appears to be the result of increased sensitivity of endothelial cells (ECs) to oxidizing radiation (50) . Our recent study (50) indicated that increased ␥-irradiation-induced genomic injury in cerebromicrovascular ECs is associated with increased apoptotic cell death. Moreover, in the surviving cells, ␥-irradiation promotes premature cellular senescence, which impairs the angiogenic capacity of cerebromicrovascular ECs (50) . These studies highlighted mechanisms that are likely responsible for microvascular rarefaction after WBRT. Importantly, our previous studies suggested that systemic hypoxia, and not localized hypoxia, reverses WBRT-induced microvascular rarefaction as well as the accompanying cognitive decline (55, 56) . Thus, changes on the systemic level may also contribute to the impaired angiogesis after WBRT as well as to the reversal of vascular rarefaction in response to hypoxia.
We hypothesized that in addition to impaired proliferation of brain ECs (50) , the failure of vascular recovery after WBRT may be due to a change in the angiogenic drive in the circulation, increased inflammation in the hippocampus, or a loss of endothelial progenitor cell (EPC) production/mobilization. Based on these possibilities, we assessed the activity of pro-and antiangiogenic factors in the circulation after WBRT. Additionally, we quantified the levels of cytokines within hippocampal tissue as well as the number of EPCs in the bone marrow and circulation after WBRT. Furthermore, we assessed whether systemic hypoxia is able to reverse any of the observed changes. This was critical, as our previous study (55) indicated that systemic hypoxia is able to restore the WBRT-induced reduction in hippocampal vessel density. Using a green fluorescent protein (GFP) ϩ bone marrow transplant model that allowed us to monitor readily monitor EPC production/mobilization, we assessed whether EPCs were able to home to the brain and reside within the vasculature of the hippocampus after treatment. Together, our experiments highlight potential changes on the systemic level that contribute to impaired angiogenesis after WBRT. Moreover, these experiments highlight a mechanism underlying the restoration of the vasculature after hypoxia.
MATERIALS AND METHODS
Animals. Young 10-wk-old C57BL/6 male mice were obtained from Jackson Laboratory (Bar Harbor, ME) and housed in the animal facility at the University of Oklahoma Health Sciences Center. C57BL/6-Tg(UBC-GFP)30Scha/J mice were obtained from Jackson Laboratory for use in the bone marrow transplant experiments. These mice express GFP driven by the human ubiquitin C promoter. Ani-mals were kept on a 12:12-h light-dark cycle and fed standard rodent chow and water ad libitum. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Oklahoma Health Sciences Center.
Irradiation and experimental design. Mice were randomly assigned to either control or radiated groups (see Fig. 1 for the experimental design). Animals were weighed and anesthetized via an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (15 mg/kg). Mice in the radiated group were administered a fractionated cumulative dose of 4.5-Gy WBRT 2 times/wk for 4 wk (36-Gy cumulative dose experiment, n ϭ 9 -11) at a rate of 1.23 Gy/min. Control animals were anesthetized without radiation. Radiation was administered using a 137 Ce ␥-irradiator (GammaCell 40, Nordion). A Cerrobend shield was used to minimize the dose to the bodies of mice in the radiated group.
Dosimetry. The radiation dose received by mice was verified using film dosimetry, as previously described (55, 56) . Film analysis indicated that the bodies of the mice received an average of 1.06 Ϯ 0.05 Gy, whereas the heads of the mice received 4.4 Ϯ 0.2 Gy.
Hypoxia treatment. One month after the completion of fractionated WBRT, animals were assigned to normoxic (21% O 2) or hypoxic (11% O2) treatment for 14 days. Hypoxia was induced in a graded fashion (O2 levels reduced by 1.5%/day) as previously described (55) . O2 levels were maintained by volumetric mixing of air and nitrogen gas into the Plexiglas chamber containing the mouse cages and monitored twice daily with an oxygen meter (Bacharach, New Kensington, PA).
Tissue collection and preparation. After the completion of treatment, mice were anesthetized using ketamine (100 mg/kg) and xylazine (15 mg/kg) via an intramuscular injection. Animals in the hypoxic group were exposed to room air for no more than 30 min before death to minimize changes that may occur with reoxygenation. Blood was collected via cheek bleed. Animals were transcardially perfused using cold heparinized 0.01 M sodium phosphate buffer (pH 7.4). Brains were removed, and one hemisphere was postfixed in 4% phosphate-buffered paraformaldehyde overnight, whereas the other hemisphere was dissected into hippocampal and cortical regions, snap frozen in liquid nitrogen, and stored at Ϫ80°C until processed.
Quantification of the inflammatory response. Protein was isolated from the hippocampus using a Protein and RNA Isolation System kit (PARIS, Ambion, Austin, TX) following the manufacturer's protocol. Protein concentration was measured using the BCA Protein Assay kit (Thermo Scientific, Rockford, IL). Protein levels of 23 pro-and anti-inflammatory cytokines were quantified using the Mouse Cytokine/Chemokine Multiplex kit (Millipore/EMD, Billerica, MA) following the manufacturer's protocol. Expression of cytokines/chemokines within the hippocampus was represented as picograms per milligram of total protein.
In vitro endothelial cultures. Plasma samples from control and WBRT-radiated mice were used to treat brain microvascular ECs in an in vitro system. Rat brain microvascular ECs (RBMECs) were isolated as previously described (51) , cultured in MesoEndo EC Growth Medium (Cell Applications, San Diego, CA), and maintained in an incubator at 37°C with 5% CO 2. Cell adhesion assays. RBMECs were treated for 24 h with 5% plasma collected from each group of mice, and adhesion was determined using Electric Cell-Substrate Impedance Sensing technology (Applied Biophysics, Troy, NY). Equal numbers of cells (2.5 ϫ 10 5 cells/well) were seeded in collagen-coated eight-well culture dishes containing gold film surface electrodes (ECIS 8W1E, with 1 active electrode/well). Arrays were placed in an incubator kept at 37°C, and the time course for changes in cell capacitance at 60 kHz was obtained. The time taken to achieve 50% cell adhesion was used as the primary index.
Cell proliferation assay. RBMEC proliferation was assessed using the Guava Cell Growth Assay (Guava Technologies; Hayward, CA). Cells were collected, resuspended in 0.1% BSA in PBS, and stained using 16 M carboxyfluorescein diacetate succinimidyl ester (CFSE) for 15 min at 37°C. Cells were then seeded in 96-well plates, treated using plasma samples, and incubated overnight. Cells were collected, stained with propidium iodide for 5 min in the dark, and counted using flow cytometry (Guava EasyCyte 8HT, Millipore). CFSE is evenly divided among daughter cells after successful cell division, resulting in reduced fluorescence intensity. For ease of interpretation, data were plotted as percent changes from control mice.
Tube formation assay. RBMECs were seeded (5 ϫ 10 4 cells/well) in Geltrex-coated (150 l/well, Invitrogen) 24-well plates and incubated at 37°C for 48 h. Images were captured using a Nikon Eclipse Ti microscope using a ϫ10 phase-contrast objective lens (Nikon Instruments, Melville, NY). Six images per well were captured, with caution taken to avoid overlap of sampling areas. Mean total tube length (in m/mm 2 ) was quantified using NIS-Elements microscope imaging software. The experimenter was blinded to treatment conditions.
Quantitative real-time PCR. RBMECs were stimulated for 16 h using plasma from control or radiated animals. Gene expression of various targets [angiopoietin 1 (Angpt1), VEGF receptor 2 (VEGFR2), stromal cell-derived factor (SDF)-1, matrix metalloproteinase (MMP)-9, VEGF, and thrombospondin 1 (Thbs1)] was quantified using the Power SYBR Green Cells-to-CT kit (Applied Biosystems/Life Technologies) following the manufacturer's protocol. Table 1 shows the primers used in this study.
Enumeration of EPCs in the bone marrow and circulation. Blood samples were collected in microtainer tubes containing EDTA (BD Biosciences, Franklin Lakes, NJ) using a submandibular cheek bleed method. Bone marrow samples were collected from the femurs of hindlegs by flushing 500 l/femur with balanced salt solution using 26-gauge needles attached to 1-ml syringes. Samples were processed immediately after collection. Bone marrow samples were passed through a 70-m filter after brief dissociation by repeated aspiration. Blood samples were diluted 1:2 using a balanced salt solution. Bone marrow and diluted blood were layered on 2.5 ml Ficoll Paque Plus (GE Healthcare, Piscataway, NJ) and centrifuged at 400 g for 30 min at 18°C. The interphase layer containing mononuclear cells was collected, transferred to fresh tubes, and washed twice using 0.1% BSA in PBS. Cells were incubated in the dark, on ice, for 45 min with the following antibodies: anti-CD34 (brilliant violet conjugated, 1 g/10 6 cells), anti-CD45 (PerCP-Cy5.5 conjugated, 0.25 g/10 6 cells), anti-CD133 (phycoerythrin conjugated, 1 g/10 6 cells), and anti-VEGFR2 (Allophycocyanin conjugated, 1 g/10 6 cells) diluted in 0.1% BSA in PBS. All antibodies were purchased from BioLegend (San Diego, CA) and diluted per manufacturer recommendations. Cells were then washed using 0.1% BSA in PBS, resuspended, and counted using a Guava flow cytometer (Millipore) or a Stratedigm S1200Ex flow cytometer (Stratedigm, San Jose, CA). A total of 100,000 events/sample were counted. Changes in the populations of EPCs are represented as ratios of the controls. Bone marrow transplant. To determine whether EPCs home to the cerebrovasculature and contribute to vascular recovery after WBRT, young C57BL/6 mice were irradiated with 10 Gy of total body irradiation. A Cerrobend shield was used to minimize radiation to the head. Bone marrow cells were isolated from UBC-GFP mice (see Animals) using sterile conditions, and 2 ϫ 10 6 cells were injected into radiated mice via a retroorbital injection (38, 40) . Recipient mice were treated with antibiotics (100 mg/l enrofloxacin and 50 mg/l doxycyline diluted in drinking water) and allowed to recover for 6 wk, after which animals were assigned to control/WBRT and normoxia/hypoxia treatment groups. Figure 1B shows the experimental timeline for the bone marrow transplant mice.
Stereological analysis and characterization of bone marrow-derived cells in the brain. Cerebral hemispheres were fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, and frozen in CryoGel (Electron Microscopy Sciences, Hatfield, PA) for sectioning. Sagittal sections (70 m) were cut through the hippocampus and stored free floating in cryoprotectant solution (25% glycerol, 25% ethylene glycol, 25% of 0.1 M phosphate buffer, and 25% water) at Ϫ20°C. Before being stained, sections were rinsed with Tris-buffered saline (TBS), permeabilized with TBS with 0.05% Tween 20 (TBS-T), and treated with 10 mM citrate buffer (10 mM sodium citrate and 0.05% Tween 20, pH 6.0) at 90°C for 20 min followed by 1% sodium borohydride in PBS at room temperature for 30 min. Sections were then blocked with 5% BSA and 1% fish gelatin in TBS at room temperature for 2 h. After being blocked, sections were immunostained using antibodies against CD31 (1:100, rat polyclonal, BD Biosciences), GFP (1:500, chicken polyclonal, Abcam, Cambridge, MA), or ionized Ca 2ϩ -binding adapter molecule 1 (Iba1; 1:50, rabbit polyclonal, Wako Chemical) for 48 h at 4°C. Sections were washed for 10 min in TBS (3 times), incubated in secondary antibodies (Cy5-conjugated donkey anti-rabbit, Cy2-conjugated donkey anti-chicken, and Cy3-conjugated donkey anti-rat, 1:200, Jackson Laboratories) for 2 h at room temperature, washed for 10 min (3 times) in TBST, transferred to slides, and coverslipped with EMS shield mount with 1,4-diazabicyclo[2.2.2]octane (Electron Microscopy Sciences).
Capillary length was estimated using the Spaceball method (33) using Stereo Investigator (version 10.54) software (MBF Bioscience, Williston, VT). Sampling parameters were determined empirically, targeting a coefficient of error of 0.15 in the smallest subregion analyzed (CA3) after the coefficient of error was estimated using the method of Gundersen and Jensen (13) with the smoothness constant (m) ϭ 0. Every fourth sagittal section through the dorsal hippocampus was sampled. The dorsal hippocampus was defined as ranging from the first section (medial to lateral) where CA1, CA3, and the dentate gyrus were distinguishable to the most lateral section where the hippocampus still appeared as one continuous structure (11) . Using 200 ϫ 300-m site spacing, systematic random sampling of the hippocampus was performed. Image stacks were acquired through the entire thickness of the section using a ϫ60 (numerical aperture: 1.4) objective on an inverted epifluorescence microscope with computercontrolled filters and stage (Nikon). The "space-hemisphere" method was used to maximize probe surface area, with a radius set to ϳ66% of the average optically measured postprocessing section thickness for each animal. This allowed upper and lower guard zones of a minimum of 5 m at all sites and a minimum probe radius of 20 m. Resulting average coefficients of error for total capillary length in the hippocampal subregions were 0.15 Ϯ 0.01, with a maximum of 0.24.
To ensure that our capillary length estimates reflected capillary density, hippocampal volume was estimated using the Cavalieri estimator in Stereo Investigator. Regions were identified by 4=,6-diamidino-2-phenylindole nuclear staining at ϫ4 magnification using the Franklin and Paxinos atlas (11) as a reference, and 100-m square grid spacing was used. This yielded coefficients of error (calculated as described above) for the total hippocampus ranging from 0.046 to 0.108. Hippocampal volume was found to be unchanged by the various treatments; therefore, the estimates of capillary length are representative of density. The stereological approach used in the present study yielded density estimates and within-group variance comparable with our previous work (55) using a more detailed morphometric approach.
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RESULTS
Plasma from radiated animals induces a strong proangiogenic drive to normal ECs. Alterations in pro-and antiangiogenic factors in the circulation may prevent recovery of the microvasculature in the hippocampus after fractionated WBRT (4.5 Gy, two times/wk, total: 36 Gy). To test this hypothesis, plasma samples from control and radiated animals were used to treat cultured healthy microvascular ECs in vitro. The ability of plasma-treated ECs to form tube-like structures, proliferate, and adhere to a collagen matrix was assessed. Compared with plasma from control animals, plasma from radiated animals induced a greater formation of tube-like structures in ECs (Fig. 2,  A and B) , more rapid adherence to a collagen matrix (Fig. 2, C  and D) , and increased proliferation (Fig. 2E) . Based on these results, we conclude that WBRT does not lead to the activation of antiangiogenic factors in the circulation; rather, it appears to increase the effects of circulating proangiogenic factors. These effects are not due to modification of pro-or antiangiogenic gene expression within the cultured ECs themselves, as plasma from radiated animals had no effect on the expression of Angpt1, VEGF, SDF-1, Thbs1, or MMP-9 (Fig. 2F) .
WBRT induces inflammation within the hippocampus. Several inflammatory cytokines have been shown to contribute to vascular rarefaction and decreased angiogenesis (for a review, see Ref. 49 ). To determine whether WBRT induces acute or prolonged inflammation within the hippocampus, which may prevent vascular recovery, levels of cytokine protein expression were measured at various time points after radiation. Of the 23 cytokines measured, only IL-10 and IL-12(p40) were significantly increased in the hippocampus after 4 wk of fractionated WBRT (Table 2) .
Systemic hypoxia has been shown to restore vascular density in WBRT-treated mice (55, 56 ); therefore, we tested whether systemic hypoxia reduced the levels of IL-10 and IL-12(p40). One month after fractionated WBRT (see Fig. 1 for the experimental timeline), mice were transferred to a hypoxic chamber, and O 2 levels were lowered 1.5%/day until a final concentration of 11% O 2 was reached. Mice were maintained in 11% O 2 on n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n nt t t for 2 wk, at which point IL-10 and IL-12(p40) levels were assessed. Hypoxia had no significant effect on IL-10 or IL-12(p40) levels within the hippocampus of WBRT or control mice (Fig. 3 ). Since we have previously shown that hypoxia treatment restores vessel density (55), it is likely that the increases in IL-10 and IL-12(p40) associated with WBRT do not prevent vascular regrowth.
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WBRT impairs EPC production in the bone marrow. Loss of EPCs within the bone marrow or in the circulation may also contribute to the reduction of capillary density within the hippocampus after WBRT. To test this hypothesis, we used flow cytometry to quantify the numbers of bone marrow and circulating EPCs 24 h after completion of 4 wk of fractionated WBRT. CD34 ϩ /CD133 ϩ /VEGFR2 ϩ cells were classified as EPCs (22) . Fractionated WBRT resulted in a 80% reduction of bone marrow EPCs (Fig. 4A) and a trend for reduced circulating EPCs (Fig. 4B ) compared with controls. The reduction in bone marrow EPCs was not an acute effect, as 2 mo after radiation, bone marrow EPCs were still significantly decreased compared with controls (61.25 Ϯ 8.23% reduction; Fig. 4C ). Importantly, these changes in bone marrow EPCs could not be explained by a depletion of all bone marrow-derived cells (BMDCs), as WBRT had no effect on total myeloid cell numbers within the bone marrow (55.0 Ϯ 7.4% of cells in control bone marrow were myeloid vs. 51.5 Ϯ 7.1% of cells in WBRT bone marrow).
Systemic hypoxia restores EPC production. As mentioned abover, our previous study (55) indicated that WBRT-induced microvascular rarefaction is reversed by systemic hypoxia. To determine whether systemic hypoxia can increase the production and release of bone marrow EPCs, we subjected mice to systemic hypoxia 1 mo after the completion of fractionated WBRT and counted bone marrow and circulating putative EPCs. After 14 days of chronic hypoxia, there was a significant increase in EPCs within the bone marrow of radiated mice (Fig. 4C) . Surprisingly, 2 wk of hypoxia had no effect on EPC numbers in the circulation (Fig. 4D) . Because several previous studies have shown that systemic hypoxia promotes the mobilization of EPCs into the circulation, we subsequently measured EPCs in the circulation at various time points after the initiation of hypoxia. While there was no effect on EPCs in the circulation 2 wk after hypoxia, there was a significant increase in the mobilization of EPCs in control mice after 7 days of hypoxia. These data suggest that hypoxia can mobilize EPCs from the bone marrow in a time-dependent manner. Radiated mice also showed an increase in the mobilization of EPCs after 7 days of hypoxia, albeit at a lower level than controls (Fig. 5) .
BMDCs have the capacity to home to the brain and associate with cerebral microvessels. We next assessed whether BMDCs have the capacity to home to the brain and associate with cerebral microvessels and whether systemic hypoxia magnifies that response. For these experiments, we used a bone marrow chimera model in which the resident bone marrow was depleted and replaced with GFP ϩ BDMCs (40) . This model allows for easy visualization of production, mobilization, and homing of GFP ϩ BDMCs. Because the bone marrow transplant was simply a tool for better understanding how WBRT and hypoxia affect EPC recruitment to the brain, we first verified that the bone marrow transplant itself did not affect cerebrovascular density. This was important as the bone marrow transplant model requires 10 Gy of body radiation to deplete the resident bone marrow population (40) . To prevent GM-CSF, granulocyte-macrophage colony-stimulating factor; MCP-1, monocyte chemoattractant protein-1; G-CSF, granulocyte colony-stimulating factor; IP-10, interferon-␥-induced protein 10; mKC, mouse keratinocyte-derived chemokine; MIP, macrophage inflammatory protein; RANTES, regulated on activation, normal T cell expressed and secreted. *Significant difference compared with the control group (P Ͻ 0.05). this dose of radiation from affecting the cerebrovasculature, the brain was protected with a Cerrobend shield. Importantly, there was no difference between the vascular density within the CA1 of control animals and those that received the bone marrow transplant (0.54 Ϯ 0.08 ϫ 10 6 vs. 0.46 Ϯ 0.05 ϫ 10 6 m, respectively; Fig. 6A ). We also confirmed that animals achieved full bone marrow reconstitution and produced levels of myeloid cells and EPCs equal to controls (Fig. 6, B and C) . Furthermore, we verified that fractionated WBRT induced a similar decrease in EPC production in the bone marrow of transplant mice (Fig. 6C) . GFP ϩ BMDCs were capable to homing to the brain. Three months after bone marrow transplant, GFP ϩ cells were found throughout the hippocampus (Fig. 7, A and B) . These cells incorporate into the cerebral vasculature, as GFP ϩ BDMCs within the hippocampus colocalized with CD31 staining (Fig.  7, A and B) . Previous studies (9, 35, 39, 40) have shown that the bone marrow chimera model results in a robust turnover of microglia with GFP ϩ , bone marrow-derived microglial-like cells. However, very few GFP ϩ /Iba1 ϩ microglia were observed in our study (Fig. 7, C and D) , likely due to the protection of the head from radiation-induced damage immediately before the bone marrow transplant [as suggested by Mildner et al. (32) ].
The propensity of bone marrow-derived ECs to restore radiation-induced microvascular rarefaction was then assessed. For this, stereological analysis of CD31 ϩ and GFP ϩ vessel length was used. Stereology is a thorough, unbiased method of histological quantification. Using this this approach, the length and density of the vasculature was assessed in ϳ300 systematically random sample sites per hippocampus with the Spaceball stereological probe. By examining both GFP ϩ and CD31 ϩ vessel lengths, we quantified both the recruitment of BMDCs (GFP ϩ ) and total length of the vasculature (total length was measured by the addition of the GFP ϩ and CD31 ϩ vasculature). After WBRT or background control treatment, hypoxia resulted in a significant increase in GFP ϩ vessel length (Fig.  7E) , suggesting that hypoxia induces the homing of BMDCs to vessels in the hippocampus. Similar to our previous studies, WBRT resulted in a significant decrease in vessel density in our nonchimeric mice (Fig. 7F) . Mice with the bone marrow transplant exhibited a slight decrease in vessel density after WBRT (Fig. 7F) ; however, this decrease was not significant. Interestingly, hypoxia resulted in a significant increase in vessel length within the hippocampus of transplant mice that received WBRT (Fig. 7F) . Table 3 shows the vessel length and density within hippocampal subregions. The precision of the stereological estimates (referred to as coefficient of error) was close to the empirical estimation of 0.15 and was not different between treatment groups (Table 3) . This is a mathematical indication that the systematic, random sampling of each brain was equal across groups. Furthermore, hippocampal volume was found to be unchanged by the various treatments (Table 4) ; therefore, the estimates of capillary length are representative of density (Table 3) . Thus, hypoxia not only increases EPC production (Fig. 4) and mobilization ( Fig. 5) but also increases the recruitment of BMDCs to the vasculature within the hippocampus (Fig. 7) .
DISCUSSION
Effect of radiation on the resident cerebrovasculature and EPC recruitment. There is growing evidence that radiation has profound effects on the cerebral vasculature, more specifically, on cerebromicrovascular ECs (for a review, see Ref. 54 ). Brain irradiation induces dose-dependent endothelial apoptosis (27) , reducing the number of viable cerebromicrovascular ECs (27, 28, 30, 31) , leading to chronic microvascular rarefaction in the hippocampus, which ultimately leads to impaired learning and memory (55, 56) . Importantly, the loss of capillaries results in localized tissue hypoxia within the brain, which would normally be expected to result in a strong angiogenic stimulus. Yet, normal vascular regrowth does not occur after WBRT (30) . Previous studies attributed the lack of vascular recovery to ␥-irradiation-induced premature senescence in the surviving cells, which impairs the angiogenic capacity of cerebromicrovascular ECs (50) . In the present study, we provide compelling evidence to support the hypothesis that WBRT also leads to systemic changes that limit the ability of the vasculature to recover. WBRT leads to long-term deficits in EPC production under steady-state conditions. Several reports (1, 5, 17, 26, 58) have shown that EC damage stimulates the production and mobilization of EPCs from the bone marrow. The lack of this recruitment of EPCs may limit the ability of the vasculature to recover after a radiation insult. The decreased production of EPCs in the bone marrow after WBRT is not likely to be attributed to radiation of the bone marrow itself, as the body was shielded during WBRT. The mechanism underlying how WBRT can effect changes in the peripheral bones requires further examination.
The importance of EPCs in vessel recovery. Our previous studies (54 -56) supported the hypothesis that systemic hypoxia promotes vascular recovery after WBRT. Here, we highlight a potential mechanism underlying this recovery: the increased production and mobilization of EPCs. The function of EPCs after homing to damaged tissue has been an active area of investigation. Our study provides direct evidence that hypoxia leads to the incorporation of BMDCs (presumably endothelial-like cells) into the vasculature of the hippocampus. From the present data and previous studies, the concept emerges that irradiated ECs in the cerebromicrovasculature become senescent and require the recruitment of EPCs for angiogenesis. We postulate that the resulting increases in capillary density improve tissue oxygenation and delivery of nutrients to the hippocampi, contributing to the improvement of learning and memory (56) . Similar conclusions have been reached by previous studies demonstrating a central role of BMDCs in reendothelialization, neovascularization, and endothelial repair in different pathophysiological conditions in multiple organs (4, 5, 8, 15, 18 -20, 24, 29, 34, 45, 53) . Previous studies have also suggested that radiation-induced alterations in the phenotype and function of surviving cerebromicrovascular ECs promote disruption of the blood-brain barrier (28), thickening and vacuolation of the vascular basement membrane (21) , and breakdown of the extracellular matrix (25) , all of which likely contribute to the exacerbation of impairment of higher brain function. We predict that incorporation of healthy bone marrow-derived endothelial-like cells (CD31 ϩ ) in the cerebral microvasculature will favorably impact the cellular secretory profile and improve the blood-brain barrier and neurovascular coupling pathways as well. Further studies are warranted to test these predictions.
There is also evidence that, under certain conditions, BMDCs may also develop into monocytes (6) or recruit monocytes and macrophages to sites of injury (48) . In these cases, recruitment of BMDCs may lead to further damage to the brain parenchyma. Because we have observed the presence of bone marrow-derived GFP ϩ microglial-like cells in the brains of mice that were not covered with a Cerrobend shield during 10-Gy bone marrow depletion irradiation, we suggest that homing of these cells to the brain and/or their increased proliferation depends on the extent of radiation-induced tissue damage.
Influence of the microenvironment on EPC homing and development. The formation of new cerebral microvessels by bone marrow-derived EPCs may be regulated by both factors within the circulation and mediators produced in the cerebral parenchyma that enhance [e.g., VEGF and Angpt1 (7, 14, 36, 43) ] or limit angiogenesis [e.g., endostatin and Thbs1 (7, 12, 37) ]. WBRT did not lead to reductions in proangiogenic factors or to increases in antiangiogenic factors in the circulation. On the contrary, plasma from mice treated with WBRT revealed that radiation lead to an increased angiogenic drive. Nevertheless, the increased propensity to stimulate vascular growth failed until the production of EPCs was restored.
Importantly, inflammatory cytokines, including TNF-␣ and IL-10, have been reported to damage EPCs and ECs, inducing apoptosis and inhibiting angiogenesis (10, 41, 42) . Contrary to our prediction, irradiation did not result in a persisting proinflammatory shift in the cytokine expression profile in the hippocampi (Table 2) . Although two cytokines, IL-10 and IL-12(p40), with antiangiogenic properties (3, 16, 44, 47, 52) , were found to be elevated in the hippocampus after WBRT, microvascular restoration with systemic hypoxia was not associated with changes in their expression.
Basal effects of bone marrow transplant. Studies from our laboratory as well as others have shown that WBRT leads to significant cerebrovascular rarefaction (for a review, see Ref. 54 ). Here, we see the same effect under control conditions: WBRT induces significant vascular rarefaction (Fig. 7F) . However, when mice received a bone marrow transplant before WBRT, the rarefaction was diminished. This finding suggests that there is a basal effect of the bone marrow transplant that renders the vasculature more resistant to the effects of radiation. Further studies will be necessary to determine the specific mechanistic changes that contribute to this protection.
Disruption of BMDCs with brain irradiation. It is interesting that the production of bone marrow-derived EPCs was directly affected by brain irradiation. While the bodies of the mice were shielded during WBRT, our dosimetry experiments indicated that the body did receive background irradiation (1 Gy) (55). Thus, it is possible that the background irradiation could have an effect on EPC production. Alternatively, it is possible that signals released from the damaged cerebrovasculature prevented EPC production after WBRT. Our previous findings have indicated that radiation leads to a senescence-associated secretory phenotype in ECs, which is marked by increased production and release of inflammatory cytokines (50) . While our present findings indicate that inflammation in brain tissue is not elevated 1 mo after WBRT, we cannot exclude the possibility that there may have been earlier changes in cytokine production/ release that may have negatively affected EPC production and homing. This is important to consider as cytokines, as well as hormones and growth factors, influence stem cell development within the bone marrow. Considering that stem cells within the bone marrow can differentiate into a variety of cell types, including immune cells, it is possible that reduced EPC production after WBRT is a consequence of upregulating the production of other stem cell-derived cell populations. One of the most likely candidates would be bone marrow-derived microglial-like cells. High doses of whole body irradiation Table 3 . BMT, bone marrow transplantation; CE, coefficient of error. have been shown to lead to the recruitment of microglial-like cells from the bone marrow to the brain (9, 35, 39, 40) . While we did not see robust microglial infiltration in brain tissue after the clinical series of WBRT in our experimetns, it is possible that the production of microglia and other immune cells in the bone marrow is increased in response to the damaged cerebrovasculature. Future studies may highlight whether the signals from brain tissue after WBRT alter the production/differentiation of bone marrow-derived cell populations.
Conclusions. Collectively, EPC production and recruitment have a critical role in systemic hypoxia-induced vessel regeneration and, ultimately, the functional recovery of learning and memory after WBRT. We propose that increased mobilization of bone marrow-derived EPCs after significant vessel loss may be a promising method for restoring cerebral capillary density in disease states or conditions that induce profound microvascular rarefaction. Because the clinical feasibility of hypoxia treatment is limited, further studies are warranted to identify translationally relevant therapeutic interventions for EPC mobilization and cerebromicrovascular regeneration.
